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SUMMARY

Virus-like symptoms were observed in February 2005
on Double Wave™ petunias (Petunia x hybrida Hort.
Vilm.-Andr.) grown in a greenhouse in northeastern Mis-
sissippi. Electron microscope observations of leaf dips
from symptomatic plants showed the presence of rod-
shaped virus-like particles. Infected petunia samples re-
acted weakly with an immunostrip test to Tobacco mosaic
virus (TMV), but not in ELISA using a polyclonal anti-
TMV-c commercial kit. The dsRNA patterns from four
infected petunias were identical and resembled those of
tobamoviruses although they differed slightly in size
from the replicative forms of TMV extracted from in-
fected tobacco plants. Purified dsRNAs were used for
random-primer cloning of the viral genome. A partial se-
quence of the viral 3’ end showed that the virus is a
strain of Turnip vein-clearing virus (TVCV, reported also
as Tobacco mosaic virus-crucifer strain) sharing 96%
common nucleotides and 98% identical amino acids. To
the best of our knowledge, TVCV has not been reported
previously either from petunias or from Mississippi in
general.
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INTRODUCTION

Viruses belonging to several genera have been report-
ed to cause considerable economic losses to the petunia
industry (Petunia x hybrida Hort. Vilm.-Andr.; Petunia
hybrida Vilm.) (Lesemann, 1996; Spence et al., 1996;
Sanchez-Cuevas and Nameth, 1996, 2002; Feldhoff et
al., 1998; Alexandre ef al., 2000; Liu et al., 2003). In ad-
dition to the intrinsic susceptibility of petunias, the risk
of viral infections was further increased by the introduc-
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Sequence data were deposited in GenBank as accession number
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tion of vegetatively propagated petunia hybrids in the
early 1990’s, which led to serious disease outbreaks.

Virus-like symptoms consisting of poor growth, leaf
mottling and distortion, as well as discoloration/defor-
mation of the petals were observed on potted Double
Wave™ petunias in a greenhouse near Starkville, Mis-
sissippi in February 2005. Visual estimates indicated
that ca. 40-45% of the entire petunia stock was affected
by the disease.

Four representative samples were taken from the dis-
eased plant lot for laboratory analyses aimed at identifi-
cation of the causal agent. The results of this study are
presented herein.

MATERIALS AND METHODS

Virus source and experimental host range. Virus
sources were four infected double-flower petunia plants
showing stunting, mottling and slight petal discol-
oration. Leaf extracts from each infected plant were
transferred separately onto celite-dusted leaves of five
herbaceous species of the families Solanaceae and
Chenopodiaceae and three different petunia cultivars
(Red Madness, Plum Madness and Pink Madness).
Plants were kept in a greenhouse at 20-22°C and ob-
served daily for symptom expression for 4 weeks.

In addition, a common strain of Tobacco mosaic virus
(TMV), isolated from tomato plants in Mississippi (S.
Sabanadzovic, unpublished) was propagated in tobacco
plants, and used for comparisons in some phases of this
work.

Electron microscopy. Leaf dip and/or partially puri-
fied virus preparations were mounted in 2% aqueous
uranyl acetate prior to observation with a JEOL JEM
100CXII electron microscope. Virus was purified by
polyethylene glycol (PEG) precipitation and further con-
centrated by alternate high- and low-speed centrifuga-
tion. For cytopathological observations, infected petunia
leaves were excised and processed according to Martelli
and Russo (1984) with slight modifications. Tissue was
fixed with 2.5% glutaraldehyde in 0.05 M phosphate
buffer, pH 7.2, post-fixed in 2% osmium tetroxide then
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dehydrated in a graded ethanol series prior to embedding
in Spurr’s resin. Ultra-thin sections were cut on a Re-
ichert-JUNG UltracutE microtome and stained with
uranyl- and lead citrates before observations.

Serology. Immunostrip and DAS-ELISA tests were
performed using commercial kits (Agdia, USA) to TMV,
TMV-c, and Tomato mosaic virus (ToMV). For Western
blot analyses, total proteins extracted from the original
petunias, TMV-infected tobacco plants and healthy con-
trols were dissociated, electrophoresed in a sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) discontinuous system (Laemmli, 1970) and blot-
ted onto a nitrocellulose membrane with a semi-dry
Trans-blot apparatus (Bio-Rad, USA) as described by
Hu et al. (1990). After overnight blocking in TBS buffer
(0.02 M Tris, 0.5 M NaCl) containing 5% nonfat milk
powder, 1% bovine serum albumin (BSA) and 0.05%
Tween-20, the membranes were exposed for 2 h at 37°C
to anti-TVCV polyclonal antiserum (diluted 1:50 in the
same buffer) and commercial anti-TMV antibodies (Ag-
dia, USA) (diluted 1:100), washed and incubated with
alkaline phosphatase-conjugated anti-rabbit IgGs dilut-
ed 1:2000. Reactions were visualized by soaking mem-
branes in a solution of nitroblue tetrazolium (NBT) and
5-bromo-4-chloro-3-indolyl phosphate (BCIP) in sub-
strate buffer (0.1 M Tris, 0.1 M NaCl and 5 mM MgCl,,
pH 9.5) (Hsu and Lawson, 1991).

DsRNA analysis and cloning. Double-stranded
RNAs (dsRNA) were isolated from diseased samples us-
ing phenol-chloroform extraction and CF-11 column
chromatography (Valverde et al., 1986). Healthy petu-
nia plants and TMV-infected tobacco plants were used
as controls. The extracted dsRNAs were analyzed by
6% PAGE in tris-acetate (TAE) buffer and visualized
by staining with silver nitrate.

Purified dsRNA preparations were reverse tran-
scribed with random primers and amplified by Degener-
ate Oligonucleotide Primers (DOP) using a commercial
kit (Roche Applied Science, USA). Generated PCR
products were cloned into pGEM-T Easy plasmid
(Promega, USA) and the resulting recombinant plasmids
were transferred in Escherichia coli Top 10 competent
cells. DNAs of plasmids from selected colonies were se-
quenced at the DNA Sequencing Facility, Life Science
Biotechnology Institute of Mississippi State University.
Sequences between adjacent clones were generated by
RT-PCR wusing virus-specific primers. Sequence data
were analyzed by Lasergene software and compared
with sequences available in the NCBI/GenBank using
BLAST on-line resource (Altschul ez al., 1997).

RT-PCR. A set of virus-specific primers was designed
in order to develop a reliable RT-PCR method for virus
detection. Primers were designed to amplify a 720 nt
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portion of the viral genome and were applied on re-
verse-transcribed total RNAs extracted from infected
and healthy petunia samples using Qiagen Plant RNeasy
kit (Qiagen, USA), according to the manufacturer’s in-
structions. Moreover, a set of “universal” primers for
the genus Tobamovirus (Dovas et al., 2004) was used to
check for the possible presence of additional to-
bamoviruses in infected plants. PCR products from all
four original petunia samples were cloned as described,
and 10 randomly-chosen clones per sample were se-
quenced from each sample (total of 40 clones).

Koch’s postulates. To prove involvement of the virus
in the disease, partially purified virus preparations ob-
tained from infected Nicotiana plants after two cycles of
sucrose density gradients were mechanically inoculated
onto six healthy Double Wave petunia plants kindly
provided by Ball Horticultural Company (West Chica-
go, USA). Plants were kept under controlled tempera-
ture and light conditions and observed for symptoms
for 45 days. Three weeks post-inoculation tissues from
these plants were used for re-isolation of the virus by
mechanical inoculation. Three mock-inoculated petunia
specimens were kept under the same conditions and
used as controls.

RESULTS AND DISCUSSION

All plant species used in mechanical transmission
were susceptible to infection by the petunia virus. Re-
sponses varied according to the host and ranged from
local lesions 2-3 days post-inoculation (Chenopodium
amaranticolor and Nicotiana glutinosa) to systemic mo-
saic/mottling approximately one week after inoculation
(N. benthamiana, N. rustica, N. tabacum cv. Turkish). In-
oculated petunia cultivars exhibited a variety of symp-
toms including transient sepal necrosis (Fig. 1A), colour
break of the petals, ring spots and line patterns
(Fig.1B).

Electron microscope observations of leaf extracts re-
vealed the presence of rigid rods resembling to-
bamovirus particles in the four tested petunias (Fig.
1C). Similar particles were observed in artificially inocu-
lated hosts. The cytopathology of naturally infected
petunia cells conformed to that induced by TMV and
other tobamoviruses in host plants (see among others
Esau and Cronshow, 1967; Esau, 1968). Virus particles
were plentiful, forming large layered aggregates in the
cytoplasm of infected petunias. They often associated
with plasmalemma and other membranes (Fig. 1D).

Infected petunia samples reacted positively in im-
munostrip and DAS-ELISA tests with TMV antibodies
(Agdia cat. No STX 57400 and PSA 57400), respectively.
However, the intensity of reaction was much weaker than
in the case of the TMV-positive control. In addition, the
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Fig. 1. Artificially inoculated petunias cv. Plum Madness show-
ing transient sepal necrosis (panel A, arrows) and arabesque
mosaic (panel B). C. Negatively stained virus particles observed
in partially purified leaf extracts from originally infected petu-
nias. Bar represents 100 nm. D. Layered aggregates of virions
(V) present in the parenchyma cells of infected petunias (CW -
cell wall, Vac- vacuole). Bar represents 500 nm.

same preparations did not react with an anti-TMV-c
commercial kit (Agdia, cat. No PSA 57500) (Table 1).
This provided evidence that the petunia virus was sero-
logically related to but distinct from TMV. As it was re-
ported that the TMV kit detects a variety of tobamovirus-
es including a common strain of this virus (TMV-c),
Tomato mosaic virus (ToMV) and Sunn henp mosaic virus
(SHMV)  (http://www.agdia.com/cgi_bin/catalog.cgi?
SRA+57400%2F0096), the petunia samples were also
tested with the anti-ToMV kit (Agdia cat. No PSA
35400). A weak reaction with ToMV antibodies was ob-
served (Table 1), confirming that the petunias virus is a
tobamovirus serologically related, but distinct from either
TMV or ToMV.

All originally infected samples contained a range of
identical, high molecular weight dsSRNA bands when
analyzed by PAGE. When compared, the dsRNA pro-
files from petunias differed slightly in migration rate
from the viral replicative forms extracted from TMV-in-
fected tobacco plants (Fig. 2A). In particular, dsRNA
bands corresponding to the replicative forms of genom-
ic RNA (gRNA) and subgenomic RNA-1 (sgRNA-1) of
the petunia virus had a smaller size than the correspon-
ding TMV dsRNAs. In contrast, the sgRNA-2 of the

petunia virus, coding for the viral coat protein, had a
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Table 1. Optical density readings at 405 nm after 30 min in
enzyme immunoassays. Values represent an average of four
readings.

Antiserum

TMV TMV-c ToMV
TMV® 2.920 0.959 1.362
TMV-c® 2.860 1.292 2328
ToMV® 2556 0.235 2.759
Infected petunias (original) 0.376 0.071 0.339
Healthy control A (petunia) 0.076 0.072 0.085
Healthy control B (tobacco) 0.070 0.065 0.079

* Positive controls from Agdia Inc.

larger size than the equivalent TMV molecule.

The sequence of 3,309 nt, representing ca. 55% of
the whole genome (Genbank accession No. EU413669)
comprises the C-terminal part of the viral replicase gene
(partial viral helicase and complete motifs of RNA-de-
pendent RNA polymerase), complete viral movement
and capsid proteins as well as the entire 3’ non-coding
region. Comparative gene-by-gene sequence analyses re-
vealed that the petunia virus had high sequence homol-
ogy with Turnip vein-clearing virus (TVCV) (ca. 98-99%
in amino acid sequences) (Lartey et al., 1995) and to a
lesser extent (ca. 45 to 60%) with other tobamoviruses.

Western blots with polyclonal antibodies to TVCV
and TMV confirmed the serological relationship be-
tween the two viruses, for both antisera cross-reacted
with the heterologous antigen (Fig. 2B), but not with
healthy controls.

The set of primers designed in this work proved reli-
able and specific for RT-PCR detection of TVCV. An
amplicon of the predicted size of 720 bp was generated
from all tested TVCV-infected petunias (Fig. 2C).
Moreover, all 40 clones generated by universal to-
bamovirus primers contained only TVCV sequences.

All the above data clearly indicate that the virus iso-
lated from diseased petunias is a strain of TVCV, a to-
bamovirus originally reported from turnip plants from
Oklahoma and later recovered from different crucifers
(Lartey et al., 1993, 1995; Dorokhov et al., 1994; Ya-
manaka et al., 1998).

Inoculation of purified TVCV preparation to a new
set of healthy Double Wave™ petunias reproduced the
original symptoms. The virus was re-isolated by me-
chanical inoculation to N. tabacum cv. Turkish (not
shown), and its identity confirmed by virus-specific RT-
PCR.

In conclusion, considering that by electron mi-
croscopy, mechanical transmission, dsSRNA extraction
and RT-PCR no virus other than TVCV was detected in
infected petunias, its involvement in the etiology of the
disease was hypothesized and confirmed by fulfilling
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Fig. 2. A. Electrophoretic patterns of dsRNAs extracted from
TVCV-infected petunias (lane 1), healthy control (lane 2) and
TMV-infected Nicotiana tabacum (lane 3). gRNA: full-genom-
ic size replicative forms, sgRNA: replicative forms of sub-ge-
nomic RNAs 1 and 2. B. Western blot using anti-TVCV
serum. Serological correlation is evident even though capsid
proteins of TVCV-petunia strain (lane 1) and TMV (lane 2)
have a slightly different migration rate. C. Ethidium bromide
stained gel of PCR products generated with TVCV-specific
primers. Products of the expected size were amplified only
from infected petunias (lanes 1-3). No amplicons were ob-
tained fom TMV-infected tobacco (lane 4) and healthy petu-
nia plant (negative control). DNA ladder is in lane M.

Koch’s postulates. It was also shown that TVCV infec-
tions induce damage not only to double-wave type but
also to single flower petunias.

TMV and ToMV are the only tobamoviruses report-
ed from petunia (Lesemann, 1996; Alexandre er al.,
2000; Spence et al., 2001). The positive identification of
TVCV reported in this paper suggests that this virus
could be the unidentified TMV-like pathogen frequent-
ly detected in single or double flower petunias from
Ohio (Sanchez-Cuevas and Nameth, 2002) and by Ag-
dia’s Testing Services (Anonymous, 2005). If true, the
overall importance of this virus in petunias may be
much greater than an accidental infection, thus requir-
ing particular attention.

To the best of our knowledge, this seems to be the
first report of TVCV in petunias and solanaceous plants
in general, as well as the first record of this virus in Mis-
sissippi and southern United States.
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